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Executive Summary Project Motivation n

This study was intended to help identify any fundamental thermo-
mechanical limitations that might limit stack scale-up.

 The SECA strategy is to develop cost-effective modular planar SOFC stack
technology that could be applied to a broad range of applications:

— Application of similar stack design to multiple applications would accelerate stack
cost reduction

— Applications range from small-capacity applications (< 10 kW) with 1-4 stacks, to
larger power plants (> 250 kW) with hundreds of stacks.

« Scale-up of individual stacks would offer economy of scale benefits and
considerably simplify manifolding in larger systems.

» Single stack capacity is determined by the power density, the number of
cells, and by the unit cell active area.

« Power density and number of cells are limited by unit cell performance and
mechanical and flow-distribution considerations.

» Developers have found that when scaling up planar cells much beyond 100
cm? active area they become prone mechanical failure.
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Executive Summary Contributions to Stress Build-up in Planar SOFC Cells n

The mechanical stress distribution in a planar SOFC is governed by a
combination of design parameters and operating conditions.

Imposed loads Stress distribution in a 45”633 propagation Defect
planar SOFC stack Constrained erects
deformation
Stack Compressive load Stack/Cell
Temperature
gradients
A
I I I I
Heat Heat Heat loss from | .
conduction < convection the stack Heat generation
Joule Electrochemical I Chemical
heating aE reactions « reactions

* necessary for sealing and electrical interconnection in many planar stack designs

The non-linear interactions among these phenomena make purely
empirical characterization impractical and one-by-one analysis difficult.
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Executive Summary Objectives of This Study n

The aim of this study was to develop a structural model to assess impact of
operating conditions and scale-up on SOFC thermo-mechanical stresses.

Deliverables

* Profiles of temperature and mechanical stresses for normal operation of a typical
planar anode supported SOFC with cross-flow of reactants.

» Sensitivity of these profiles to relevant operating and design variables

Questions to answer

* Under normal operating conditions, what is the relative contribution to the stress
distribution from: compressive load and temperature gradients?

* How does the stress distribution in the cell depend on the design parameters?
— Cell size (area)

* How does the stress distribution in the cell depend on the operating conditions?
— Temperature and stoichiometry of the inlet cathode stream
— Cell voltage

The resulting model is a multi-purpose engineering model that can be
used to analyze other aspects of SOFC performance.

«] ' - SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 4



Executive Summary Model Development & Validation n

Model development and validation was accomplished in a four-step
process, including explicit validation of simple performance sub-models.

Kinetics

e T N
I Heat Transfer :
I Mass Transfer |
| Momentum Transfer |
' |
' |
I B3 , "
| 5 Build Simple Realistic | Model
| Sc—* Model —> geometry F—» | geometry [ Ready
I 53 test test case § for Use
1 V= !
| ! |
I Electrochemical Sensitivity Relevant I
I ectrochemica Analysis Parameters I
' |

Help debug and
benchmark model
performance

Simple Performance
Sub-Models
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Executive Summary Models Developed

Each type of SOFC model developed here, has a different level of detail,

and has a unigue use in this

Cell

Configuration
simulated

Highlights

nroject.

Primary uses

1-D
Performance
Model

* |sothermal

* Small area
cell,

» Negligible fuel
utilization

Flow channels are
well mixed

1-d diffusion in
porous electrodes
Reaction + diffusion
in the reaction zone

 Estimate unknown parameters by

fitting experimental data,
subsequently used in 3-d model
Understand and explain the
trends observed in ‘model’
experiments from the literature

» Polarization curves

» Overpotentials,
electrolyte resistance,
current distribution in
the reaction zone

2-D
Performance
Model

* |sothermal

 Large area
cell

 High fuel
utilization

Plug flow in the flow
channels

1-d diffusion in
porous electrodes
Reaction + diffusion
in the reaction zone

Calculate cell performance at high
fuel utilization

Help debug the more complicated
3-d model

Answer simple ‘what-if’ questions,
such as effect of changes in
operating conditions, cell
dimensions, etc

 Current density and
overpotentials along
the cell length and as a
function of fuel
utillization

3-D
Structural
Model

* Non-
isothermal

» Large area 3-
d cell

* Low and high
fuel utilization

Adiabatic or steady
heat loss from outer
edges

Plug flow in flow
channels

2-d diffusion in
porous electrodes
Reaction only in the
reaction zone

Understand effects of operating
conditions and cell design on
performance: ldentify hot spots,
regions of low current, high stress
and potential failure mechanisms
Answer ‘what-if’ questions, such
as effect of changes in operating
conditions, dimensions, etc.

 Spatial and temporal
distribution of
temperature, current
density, stress, species
concentrations,
overpotentials, etc., for
given design and
operating conditions
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Executive Summary 1-d SOFC Performance Model

Comparison to Literature Data

The parameters in the 1-d model were first fitted, and then validated by
comparing with temperature-dependent experimental measurements.

I Comparison to Literature Datat!

1.2

Measured
Model

& o

o
o

Cell Voltage / V
o
(op}

0.4

0.2

Current Density / A cm™

0 1 2 3 4 5 6

I Details of the Simulations

eLiterature values were used for temperature dependent
ionic conductivity of the electrolyte and the electronic
conductivities of the anode and cathode.

*800°C data was fit by adjusting 6 parameters:
—tortuosity factors (2)

—exchange current densities (2)

—transfer coefficients in the BV eqn. (2)

*Comparisons to data at other temperatures were
obtained without further adjustment to the parameters

*Operating Conditions & Cell Design
— Reactants: Anode: 95 % H2, 5 % H20, Cathode: Air
—Thickness: Anode: 750 pum, Cathode: 200 um,
Electrolyte 10 um

*Assumptions
—Isothermal Operation
— Low utilization of reactants
—The reaction zones were 10 um thick
—The electrolyte occupied 50 % of the volume of the
solid phase.

— 30 kJ/mol activation enerqy for anode and cathode.

1 J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78.
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Executive Summary 1-d SOFC Performance Model Dependence on lonic Conductivity n

1-d model showed that reducing ionic resistance of the cathode TPB#*is
essential for good cell performance at low temperatures.

Effect of lonic Resistance in the Reaction Notes
Zone on the Overpotential —

0.4
.7 Tee =650 °C
Rionic = 800 Qcm » The results presented here separate the
I T = 650 °C* effect on the overpotential of inherent
> Rionc = 160 Qcm kinetics and ionic resistance in the
T 03 1 e electrode:
< i /'l R/Tf:ic:% Qem — Model results show that kinetics
I L improvement alone reduces the
5 02 ) overpotential by 20 mV at 1 Am cm
3 :  aogecs (Ri,nic iS constant at 30 Q cm in going
s Rioye = 30 Qom from 650 to 800 °C).
:—f: 0.1 — Whereas, improvement in the ionic
O resistance alone reduces the
overpotential by 80 mV at 1 A cm
(Rionic decreases from 160 Qcm to 30
0 ‘ ‘ ‘ ‘ ‘ Qcm at 650 °C).
0 1 2 3 4 5

Current Density / A cm™

# TPB: Three phase boundary
(( T’HX * - base case parameters, R;,,ic = lonic resistivity of the electrolyte in the cathode reaction zone,

SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1



Executive Summary 2-d Performance Model Effect of Fuel Utilization n

The 2-d model allows studying the effect of fuel utilization on performance.
For example: performance drops with increasing utilization ...

mm Effect of Fuel Utilization on Power Density —“

| | Ve - 0.7V, Tce,|| =800 °C | » This simulation corresponds to the
Anode: 95 % Hy, 5 % H,04 case where the inlet fuel flow is
Cathode: Air, stoich. =5 | held constant and the cell area is
Increased in order to increase the
fuel utilization.

14

-2

12
No contact resistance

10

* In this simulation, the fuel
concentration decreased along the
length of the flow channel, but there
was no significant change in the
oxygen concentration.

0.8

06

04l T TTeeeeell_ L _ * The cell dimensions used were:
- — Anode: 750 um
02— L 1. 1 . 1 . — Cathode: 200 pm

0 20 40 60 80 100
L — Electrolyte: 10 um
Fuel Utilization / %

Average Power Density /Wcm

... but drop is less pronounced when the internal resistance of the cell is
high.
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Executive Summary Structural Model Overview n

We developed an ‘as simple as possible’ model using ABAQUS, a
commercial finite element analysis (FEA) package.

» Developed a 1-D electrochemistry module to work with our FEA
package.

» Developed material property database based on (limited) available
information.

 The commercial FEA package allows discretization of any complex cell /
stack geometry into a finite number of elements.

« The code thus allows the analysis of any type of SOFC stack, including
rectangular planar, circular planar, and non-planar designs.

If necessary, the key modules developed here can be adapted to work
with other FEM or CFD codes in the future.

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 10



Executive Summary Structural Model Our Approach

The structural model accounts for all the relevant electro-chemo-thermo-

mechanical phenomena, which influence cell performance.

Interconnect

» Heat conduction

e Current
conduction

Anode and cathode
reaction zones

Flow passages

» Heat convection
* Plug flow of gas
» Heat generation
Anode and cathode porous electrodes
« Heat conduction Electrolyte

« Current conduction * lon conduction
« Species diffusion * Heat conduction

Solution of equations
for: Temperature

gradients in the clj\/_lechgml_cal 3”?33
*Energy conservation cell during Istribution during
operatlon

«Mass conservation operation
*Charge conservation

» Electrochemical reactions

(—

Constraints
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Executive Summary Structural Model Solution Procedure n

The temperature profiles were first calculated using an iterative procedure
and then the stress distribution in the cell.

Overview of GROVE™ Algorithm to be Implemented in ABAQUS I

Specify operating _ Calculate diffusion fluxes,

conditions , Vg Estimate local J at the TPB such that , :
and initial - ™ iy IR, +R ) | reaction rates, heat generation
conditions )= Ve = =l e ek rates based on this J

Iterate until steady
state is reached

Update temperature profiles, species

Calculate mechanical stress
distribution within the fuel cell

concentrations, current distribution within
the fuel cell

Nomenclature

V. Cell voltage

cell*
Voc: Open circuit voltage

n, : Cathode overpotential Calculations by 1-d EC module
n. - Anode overpotential _

J : Current density - Calculations by 3-d ABAQUS
Rionic : Area specific resistance of the electrolyte

: Area specific resistance of the electrodes and interconnect

electronic*

(] ’lﬁ-ﬁ SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 12



Executive Summary  Structural Model Example: Cell Configuration n

To evaluate the impact of cell size, we use a cross-flow configuration.

2mm X2 mm
channels

Fuel in

((] m: SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 13



Executive Summary  Structural Model Sample results: Current Density n

The structural model calculates the time-dependent current density
distribution during cell operation.

Cell voltage = 0.7 V
Steady state current density distribution, average = 1.3 A/cm?2

S04
tAve, Crit.: 75%)

1.607e+00
L1.561e+00
1.514e+00
1.467Te+00
1.421e+00
1.374e+00
1.327e+00
1.281e+00
1 .234e+00
1.187Te+00
1.141e+040
1.0894e+00
1.047e+00

i

L . e i ik i e i i e 1 e
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Executive Summary  Structural Model Sample results: temperature distribution n

The larger cell dimensions lead to wider temperature distribution, but
similar temperature gradients compared to the 3.2-cm cell.

Cell voltage = 0.7 V
Steady state temperature distribution

Temperature / C

NT11

.185e+02
LA00e+02
LA15e+02
7T.930e+02
LAd5e+02
. 160e+02
LGBTEr+02
LE90e+02
LS505e+02
LAZ20e+02
.A335et+ld
vealet+ld2
166e+02
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Executive Summary  Structural Model Sample results: stress calculation n

A manufacturing procedure was assumed to calculate the residual stress
distribution at room temperature.

Procedure for residual stress calculations

Step 0: Sintering Ceramics

» Assume that all the ceramic layers in the MEA are stress-free at the co-sintering temperature of 1400 °C.
» The component layers in the ceramic MEA are assumed to be fused together.
» Assume interconnects are stress free at room temperature

Step 1: Cool Down to Room Temperature

 Calculate the stresses in the ceramic layers when the MEA is cooled down to room temperature (residual
stresses).

Step 2: Flatten Ceramics

*Apply appropriate confining pressure to flatten the MEA (this is needed to ensure sealing and electric
contact).
*Assemble flat MEA between interconnects

Step 3: Heat Up to Operating Temperature

*Assume no-slip condition between interconnect and ceramics
*Calculate stress distribution by applying the steady temperature gradients calculated for cell operation

In the ensuing calculations, we assume that the ceramic MEA is defect free.

((] M‘ SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 16



Executive Summary  Structural Model Sample results:step 1-residual stress n

In Step 1, uncompensated bending stresses lead to warping of the MEA.

Residual stresses and warping in the ceramic layers at room temperature

uuuuuuu

JJJJJJJ

Cathode: +36 MPa

JJJJJJJ

Note: displacements
maghnified 40 times. Total
warping of the cell layers
equals 0.12 mm.

Anode: -11 MPa (top)

to +3 MPa (bottom)
Electrolyte: -567 MPa
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Executive Summary  Structural Model Sample results:step 2-flattening the ceramics n

In step 2 a confining pressure (0.4 MPa) flattens the MEA and removes the
anode bending stress but does not alter the cathode or electrolyte

stresses.

Stress in the ceramic MEA layers after ‘flattening’
between interconnects at room temperature

Cathode: +38 MPa

Displacement magnified -
by 40 times ¥ -

Electrolyte: -563 MPa
Anode: -3 MPa

((] m SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 18



Executive Summary  Structural Model Sample results: step 3-stress distribution at 0.7 V n

Applying the steady state temperature profile shows that the stress
distribution is much less severe than at room temperature.

Electrolyte temperature varies from 744 °C Electrolyte stress varies from -246 MPa (blue)
(blue) to 818 °C (red) for operation at 0. 7 V to -201 MPa (red) for operation at 0. 7 V

((] m: SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 19



Executive Summary Summary | n

Stress calculations show that, absent defects, the ceramics are unlikely to
fail due to temperature gradients during cell operation.

« For conditions we have simulated so far, the most severe stress state for the
ceramics occurs at room temperature and not during cell operation.

» Severe residual stresses were built-up in the ceramic layers of the MEA during
cool down from the stress-free sintering temperature.

— Bending stresses, which arose to balance the moments created by anode/cathode
TCE mismatch, caused warping of the ceramic MEA layers.

— The warped MEA was ‘flattened’ by the application of a small confining pressure.

» At the steady state operating temperatures (650 - 850 °C), the residual
stresses were relieved to some extent because the temperatures were closer
to the stress-free sintering temperature (1400 °C).

» Under conditions simulated in this study, the temperature gradients during
steady state operation did not generate severe stresses

— The high thermal conductivity of the thick metallic interconnect lead only to modest
temperature gradients

— Also, the temperature gradients through the thickness of the ceramic layers were
negligible

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 20



Executive Summary Summary Il n

Increasing the cell size increases the total CTE-mismatch-related strains
but does not significantly affect the stress state or flatness of the MEA.

» To test the effects of cell area, the results of models representing 3.2-cm, 6.4-
cm, and 10-cm square single cells were compared.

« Without application of the confining pressure, the total warping of the ceramic
layer varies linearly with the cell area.

« Application of the 0.4 MPa confining pressure reduces the through-thickness
displacement variation in the ceramic to below 2 microns for each of the cell
sizes examined.

 The most severe stress state for the MEA is at room temperature, rather than
under operating conditions, regardless of cell size.

* The average stresses in the MEA layers at room temperature do not depend
strongly on the cell area.

* Increasing the cell area produces larger geometric incompatibilities along cell
edges, possibly leading to seal failures.

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 21



Executive Summary Summary lll n

We are currently exploring more realistic operating conditions (not
considered in this study) for determining cell-size limitations.

Potential causes for cell-size limitations not considered in this study:

Defects

— Ceramic MEAs are known to have defects. The defect density will clearly be
higher for larger cells making them prone to failure.

Larger temperature gradients

— Heat loss from the edges of the stack

— Internal reforming

Seal failure

— With larger cells, the total mismatch in strains is also higher, which might
increase the probability of seal failure.

Unequal application of compressive load

— With large area cells it becomes difficult to apply a uniform load on the cell
active area.

— Unequal compressive force can lead to localized high contact resistance,
which in turn might lead to local hot-spots because of resistive heating.

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 22
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Background & Objectives Project Motivation n

Thermo-mechanical stresses within planar SOFCs cells may limit stack
scale-up, which is important for high-capacity applications.

 The SECA strategy is to develop cost-effective modular planar SOFC stack
technology that could be applied to a broad range of applications:

— Application of similar stack design to multiple applications would accelerate stack
cost reduction

— Applications range from small-capacity applications (< 10 kW) with 1-4 stacks, to
larger power plants (> 250 kW) with hundreds of stacks.

« Scale-up of individual stacks would offer economy of scale benefits and
considerably simplify manifolding in larger systems.

» Single stack capacity is determined by the power density, the number of
cells, and by the unit cell active area.

» Power density and number of cells are limited by unit cell performance and
mechanical and flow-distribution considerations.

» Developers have found that when scaling up planar cells much beyond 100
cm? active area they become prone mechanical failure.

» This study is intended to help identify if there are any fundamental thermo-
mechanical limitations that will limit stack scale-up

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 24



Background & Objectives Contributions to Stress Build-up in Planar SOFC Cells

The mechanical stress distribution in a planar SOFC is governed by a
combination of design parameters and operating conditions.

Imposed loads Stress distribution in a 45”633 propagation Defect
planar SOFC stack Constrained erects
deformation
Stack Compressive load Stack/Cell
Temperature
gradients
A
I I I I
Heat Heat Heat loss from | .
conduction < convection the stack Heat generation
Joule Electrochemical I Chemical
heating aE reactions « reactions

* necessary for sealing and electrical interconnection in many planar stack designs

The non-linear interactions among these phenomena make purely
empirical characterization impractical and one-by-one analysis difficult.

(@128

SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 25



Background & Objectives Mechanical Stresses in Fuel Cells

For example, differential thermal expansion leads to internal stresses in the
cell layers during heat-up and cool-down.

Unconstrained expansion when Constrained expansion when heated
heated from 25 to 800 °C from 25 to 800 °C

Electrolyte WW

A A

Cathode

— Stresses due to constrained expansion
-------- » Applied compressive loads

0 0.2 0.4 0.6 0.8 1

Increase in Linear Dimension / % 1 CTE: Coefficient of Thermal Expansion

Temperature gradients that occur during cell operation may help relieve
or exacerbate these stresses depending on the local conditions.
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Background & Objectives Ongoing Model Developments

Significant advances are being made in detailed modeling of SOFC stacks
based on both structural and computational fluid dynamics codes, ...

Current Modeling Efforts
— Development of basic science underlying SOFC operation
— Detailed electrochemical models of SOFC electrodes
— Incorporations of electrochemistry into structural and CFD codes
— High level of sophistication and modest to high level of complexity

For feasibility studies and early design trade-offs, a simpler model
representing the major trends is desirable:

— Simple representation of flow
— Simple representation of (electro-)chemistry

— Uses thermal and structural capabilities of common structural code to allow
rapid assessment of impact of design and operating condition changes on
stresses

... but a simple engineering model linking thermal, electrochemical, and
mechanical system behavior is needed for feasibility and scoping studies.

«] ' - SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 27



Background & Objectives Obijectives of This Study

This study aims to use a structural model to assess the impact of operating

conditions and scale-up on SOFC thermo-mechanical performance.

Deliverables

» Profiles of temperature and mechanical stresses for normal operation of a typical
planar anode supported SOFC with cross-flow of reactants.

» Sensitivity of these profiles to relevant operating and design variables

Questions to answer

* Under normal operating conditions, what is the relative contribution to the stress
distribution from: compressive load and temperature gradients?

* How does the stress distribution in the cell depend on the design parameters?
— Cell size (area)

* How does the stress distribution in the cell depend on the operating conditions?
— Temperature and stoichiometry of the inlet cathode stream
— Cell voltage

The resulting model is a multi-purpose engineering model that can be
used to analyze other aspects of SOFC performance.

«] ' - SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1
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Approach Background

The model philosophy is to include the minimal representation of all
relevant physical phenomena necessary for the intended analysis.

 Each component in the stack has unique functions
essential for good cell performance

» The key physical phenomena occurring in a stack
span a wide range of characteristic length and time
scales:

—Charge transfer in an elementary reaction at the
molecular level (~A, ~10-13 s)

—Diffusion through the porous electrodes (~ m, ~ 10-3 s)

—Fluid mixing in flow channels at the macroscopic level (~
cm, 10-2 s)

—Changes in catalyst activity (nm, 10-1 - 106 s)

 The model must capture each of these phenomena
in sufficient detail.

* The level of detail needed would depend on the
UL objectives behind the model development.

Electrolyte Electrode

For example, for this study, detailed solution of the flow field in the
channels is unnecessary - instead we used a simple plug-flow description.

1§ [ ) 4
( lil?-ri—l" SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 30



Approach Overview

We developed an ‘as simple as possible’ model using ABAQUS, a
commercial finite element analysis (FEA) package.

» Developed a 1-D electrochemistry module to work with our FEA
package.

» Developed material property database based on (limited) available
information.

 The commercial FEA package allows discretization of any complex cell /
stack geometry into a finite number of elements.

« The code thus allows the analysis of any type of SOFC stack, including
rectangular planar, circular planar, and non-planar designs.

If necessary, the key modules developed here could be adapted to
work with other FEM or CFD codes in the future.

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1
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Approach Model Development & Validation

Model development and validation was accomplished in a four-step
process, including explicit validation of simple performance sub-models.

Kinetics

e T N
I Heat Transfer :
I Mass Transfer |
| Momentum Transfer |
' |
' |
I B3 , "
| 5 Build Simple Realistic | Model
| Sc—* Model —> geometry F—» | geometry [ Ready
I 53 test test case § for Use
1 V= !
| ! |
I Electrochemical Sensitivity Relevant I
I ectrochemica Analysis Parameters I
' |

Help debug and
benchmark model
performance

Simple Performance
Sub-Models
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Estimate unknown
parameters by fitting
experimental data
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Simple Performance Model Development

First, we developed the methodology for the structural model and
developed the simple performance models.

Mass T

Heat Transfer

I
I
I
Momentum Transfer :
I
I
I

ransfer

r

Estimate unknown
parameters by fitting
experimental data

— 0
@© . —
S'g Build Simple Realistic
cS—» Model 1= geometry F—» | geometry
=g : test test case J!
n s ; |
T l — '
Electrochemical | Sensitivity Relevant I
e e I Analysis Parameters I
Kinetics ; I
|
|

Help debug and
benchmark model
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Structural Modeling Methodology Our Approach

The structural model accounts for all the relevant electro-chemo-thermo-
mechanical phenomena, which influence cell performance.

Interconnect

» Heat conduction

e Current
conduction

Flow passages
» Heat convection
* Plug flow of gas

Anode and cathode porous electrodes

* Heat conduction
» Current conduction
» Species diffusion

Solution of equations
for:

*Energy conservation
*Mass conservation
*Charge conservation

@128

—

Temperature
gradients in the
cell during
operation

—

reaction zones

» Electrochemical reactions
» Heat generation

Electrolyte
* lon conduction
* Heat conduction

Anode and cathode

Mechanical stress
distribution during
operation

(—

Constraints
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Structural Modeling Methodology Algorithm

In this work, we use a modular algorithm to describe the relevant
phenomena in the different regions of the cell.

Three-Dimensional ABAQUS Module One-Dimensional Electrolyte -Catalyst (EC) module

Anode and Agg?heogzd Anode and
Cathode Cathode Electrolyte

Interconnect POroUs TPB
Plates Regions

Electrode
Regions

* To develop the structural model, we are using ABAQUS, a commercially available
Finite Element (FEM) code and supplementing it with the required subroutines.

* The 3-d ABAQUS model uses the temperature profiles to calculate the distribution of
mechanical stresses in the stack.

 The EC module calculates the electrolyte resistance, rates of the electrochemical
reactions, the anode and cathode overpotentials, and the heat generated due to
reaction.

» |f necessary, the key modules developed in this study could be converted for other
FEM or CFD codes (outside the scope of the present study)

—
' i )/
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Structural Modeling Methodology Solution Procedure

An iterative solution procedure is needed to solve the non-linear
conservation equations.

Overview of GROVE™ Algorithm to be Implemented in ABAQUS I

Specify operating _ Calculate diffusion fluxes,

conditions , Vg Estimate local J at the TPB such that , :
and initial - ™ iy IR, +R ) | reaction rates, heat generation
conditions )= Ve = =l e ek rates based on this J

Iterate until steady
state is reached

Update temperature profiles, species
concentrations, current distribution within
the fuel cell

Calculate mechanical stress

distribution within the fuel cell

Nomenclature

V. Cell voltage

cell*
Voc: Open circuit voltage

n, : Cathode overpotential Calculations by 1-d EC module
n. - Anode overpotential _

J : Current density - Calculations by 3-d ABAQUS
Rionic : Area specific resistance of the electrolyte

: Area specific resistance of the electrodes and interconnect

electronic*
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Structural Modeling Methodology m

The model contains just enough detail to capture the salient impacts of cell
design and operating conditions on internal stresses.

« Simple Butler-Volmer kinetics were used to describe the electrochemical
reactions for hydrogen and oxygen.

— Internal reforming of hydrocarbon species is not considered in this phase.
— Simple equilibrium reforming and shift reaction could easily be added.

» Test cases with simple planar rectangular geometries with straight flow
channels and external manifolding were considered:

— Non-rectangular geometries could easily be added

— Internal manifolding could be added but a step-wise analysis may be more
efficient, since typically the manifold areas are not active

* A single cell was simulated in a stack environment:
— Considered symmetry of cells in stack.
— Imposed compressive force as boundary conditions.

« Contact resistance between the different layers was ignored but could be
added.
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Summary of Model Characteristics

Each type of SOFC model developed here, has a different level of detail,

and has a unigue use in this

Cell

Configuration
simulated

Highlights

nroject.

Primary uses

Flow channels are

 Estimate unknown parameters by

* Low and high
fuel utilization

porous electrodes
Reaction only in the
reaction zone

Answer ‘what-if’ questions, such
as effect of changes in operating
conditions, dimensions, etc.

* Isothermal ) e .  Polarization curves
well mixed fitting experimental data, )
1-D * Small area e e . » Overpotentials,
1-d diffusion in subsequently used in 3-d model :
Performance cell, . electrolyte resistance,
Model « Nedligible fuel porous electrodes Understand and explain the current distribution in
Qi =919l Reaction + diffusion trends observed in ‘model’ .
utilization . . i . the reaction zone
in the reaction zone experiments from the literature
Plug flow in the flow Calcul_a_te c_eII performance at high
fuel utilization .
* Isothermal channels :  Current density and
e . Help debug the more complicated .
2-D  Large area 1-d diffusion in 3-d model overpotentials along
Performance cell porous electrodes . . - . the cell length and as a
X . e Answer simple ‘what-if’ questions, .
Model  High fuel Reaction + diffusion ) function of fuel
o . : such as effect of changes in o
utilization in the reaction zone . " utillization
operating conditions, cell
dimensions, etc
Adiabatic or steady Understand effects of operating » Spatial and temporal
heat loss from outer » . S
* Non- edaes conditions and cell design on distribution of
3-D isothermal P|l? flow in flow performance: ldentify hot spots, temperature, current
Structural e Large area 3- cha?mels regions of low current, high stress density, stress, species
Model d cell >-d diffusion in and potential failure mechanisms concentrations,

overpotentials, etc., for
given design and
operating conditions

@1/
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Structural Modeling Methodology Literature Survey on Materials Properties

Kinetic parameters for the electrocatalytic reactions have not been
measured in fundamental, well-characterized experiments.

Parameters required for Solving the Thermo-Electrochemical Problem

Availability

Comments

Thermal
conductivity

Available, but not as a function of
temperature

Temperature dependent data is unavailable. Used simplifying
approximation that conductivity is independent of
temperature

Heat Capacity

Available, but not as a function of
temperature

Temperature dependent data is unavailable. Used simplifying
approximation that specific heat is independent of
temperature.

Effective Mass
Diffusivity

Limited data available

Data available from Virkar’'s group, not published yet, used as
a fitting parameter in 1-d model.

Exchange
current densities

Available data is not for intrinsic
Kinetics, estimated by fitting
experimental results

Measurements from well-defined experiments are rare.
Available data is from using lumped, global B-V kinetics and
fitting experiments.

Available data is not for intrinsic

Measurements from well-defined experiments are rare.

Coefficients

Kinetics, estimated by fitting
experimental results

’Al‘zcrfg/ratig)sn Kinetics, estimated by fitting Available data is from using lumped, global B-V kinetics and
9 experimental results fitting experiments.
Transfer Available data is not for intrinsic Measurements from well-defined experiments are rare.

kinetics. Available data is from using lumped, global B-V
kinetics and fitting experiments.

In this project, we estimated the kinetic parameters by fitting experimental
data over arange of temperatures.

(@128
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Structural Modeling Methodology Literature Survey on Materials Properties

Most of the material properties of the stack components, needed for
calculating the stress distribution, are not available.

Parameters Required for Solving the Mechanical Problem

EIBZHE%' n Available, as a function of Temperature dependent measurements available for all of
Gl temperature the cell components, but data limited to max of 1000 C.
VoS - Data unavailable
Modulus
Poisson’s Ratio - Data unavailable

Measurements for electrolyte in

Residual Stress MEA available at room

in Components

Data unavailable, residual stress calculated assuming that
components were stress free at the sintering temperature.

temperature
Interlayer _
Adhesion - Data unavailable
Fracture _
Resistance - Data unavailable

Compressive
force on cells in -
a stack

General data is available for the magnitude of the
compressive force on a single cell in a stack.
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SOFC Performance Models Introduction m

We have developed simple performance models in order to help estimate
kinetic parameters and help debug the more complicated 3-d model.

* For simulating the cell performance in the 3-d structural model, we require:
— kinetic parameters for the electrochemical reactions;
— diffusion properties of the porous media.

» However, in the SOFC literature;

— Measured data for intrinsic kinetics is scarce due to difficulty in measuring the
electrolyte resistance in the electrode and its effect on the overpotential, the local gas
concentration at the electrocatalyst, the length of the three-phase boundary, etc.

— The measured diffusion coefficients are different from those predicted by molecular
diffusion theories, and may vary from cell to cell.

* Here, we propose to use simple models to facilitate in the construction of the 3-
d model.

— 1-d Performance Model: Fit experimentally obtained single cell polarization curves
in order to estimate unknown parameters.

— 2-d Performance Model: Help debug and benchmark the results from the more
complicated 3-d model, particularly for the difficult case of high fuel utilization.

a J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78,

«] ' SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 42



SOFC Performance Models Assumed Microstructure

For the performance models that follow, we assumed a simple micro-
structure to represent the details of the electrode/electrolyte interfaceab,

SEM Image of the Structure of the

Assumed Microstructure for the

Electrodes/Electrolyte Interface?

Porous cathode
LSM intermixed
with YSZ

Dense electrolyte
YSZ

Porous anode
Ni particles
intermixed with
YSZ

» LSM: Lanthanum Strontium Manganate

* YSZ: Yttrium Stabilized Zirconia

 Electrochemical reactions require, at the very least, an
intersection of the electronic, ionic and gas phases.

 Therefore, inclusion of the ionic conductor YSZ in the
electrodes increases the length of the three-phase
boundary and hence improves cell performance.

Electrodes/Electrolyte Interfaceab

10 um elelcfrolyte

) ) Electrocatalyst
lonic phase in the

electrode reaction
zone

Parameters describing the microstructure:

h: thickness of the reaction zone

d: pore radius

w: width of the electrocatalyst + electrolyte grains

& d/(w+d), porosity of the reaction zone

@ fraction of the solid material that is the electrolyte

a J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78,
b Model based on the description in ref. a but modified to account for the effect of species concentrations on electrode kinetics, species diffusion
resistance in the electrode layer, and ionic conductivity of the electrolyte in the electrode layers.
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1-d SOFC Performance Model

Cell Structure & Assumptions

The 1-d performance model contains sufficient detail to capture the anode
supported SOFC performance at low utilization.

Flow channel _~
well mixed

Cathode Reaction Layer

Porous Cathode

Cell Structure and Assumptions in the 1-d Performance Model

Dense Electrolyte, 10 pm

10 pm

200 pm

A

|

I

Anode Reaction Layer
10 pm

Porous Anode
750 pm

Air

_

1-d Reaction
1-d Diffusion

!

T Tl Tl Tl Tl Tl ol Pl ol ]
W
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
T Tl Tl Tl Tl Tl ol Pl ol ]
D Tl Tl Tl Tl Tl Tl ol Pl ol ]
Ctlatl el Tl Tl Tl Tl ol Pl ol ]
ol Tl Tl Tl P ol Tl ol Pl Pl ]
Ctlt el ol Tl ol Tl ol Pl ol ]
Pl Tl Tl ol Tl Tl Tl ol Pl ol ]
Dl Tl Tl Tl Tl Tl Tl ol Pl ol ]

SEHRTEEE | T |

(LA T T T T T b Tl T T T 1 |

Ca T T T T T T TR Th T T
Ca T T T T T T TR Th T T
Ca T T T T T T TR Th T T
Ca T T T T T T TR Th T T
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Ca T T T T T T TR Th T T
Ca T T T T T T TR Th T T
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Ca T T T T T T TR Th T T
Ca T T T T T T TR Th T T
e e T T T T Th TR e Th T
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+ diffusion H, +H,0
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1-d SOFC Performance Model

Results Comparison to Literature Data

The parameters in the 1-d model were first fitted, and then validated by
comparing with temperature-dependent experimental measurements.

I Comparison to Literature Datat!

I Details of the Simulations

eLiterature values were used for temperature dependent
ionic conductivity of the electrolyte and the electronic
conductivities of the anode and cathode.

*800°C data was fit by adjusting 6 parameters:
—tortuosity factors (2)

—exchange current densities (2)

—transfer coefficients in the BV eqn. (2)

*Comparisons to data at other temperatures were
obtained without further adjustment to the parameters

*Operating Conditions & Cell Design
— Reactants: Anode: 95 % H2, 5 % H20, Cathode: Air
—Thickness: Anode: 750 pum, Cathode: 200 um,
Electrolyte 10 um

*Assumptions
—Isothermal Operation
— Low utilization of reactants
—The reaction zones were 10 um thick
—The electrolyte occupied 50 % of the volume of the
solid phase.

1.2
& O  Measured
1 ¥k Model
> 0.8
o
(@)
8
S 0.6
>
S 04
0.2
0
0 1 2 3 4 5 6
Current Density / A cm™

— 30 kJ/mol activation enerqy for anode and cathode.

1 J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78.
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1-d SOFC Performance Model

Results Breakdown of Voltage Losses

Both cathode overpotential and electrolyte ohmic loss are important at low
temperatures, but cathode overpotential dominates at higher temperatures.

1.1
1

\%

Cell Voltage
© o
(62 N e)]

© o
PN

o

I Breakdown of Voltage Losses at 650°C

09 |
0.8
Z 07

o o
w

Resultant
Polarization

Curve

1 2

Current Density / A cm™

I Breakdown of Voltage Losses at 800 °C

1.1

1
09 |
08 |

cell = 800 °C

Thermodynamic potential

/A,
o
y

o
o))

Cell Voltage
o
ol

o
~

0.3 Resultant
02 | Polarization
Curve
0.1
0

0 1 2 3 4 5 6 7

Current Density / A cm™

n, = Anode Overpotential, n, = Cathode Overpotential, the ohmic loss represents the voltage drop across the electrolyte due to ionic current only.
Although not considered here, any voltage drop due to contact resistances can be easily incorporated.

(@128

SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1 46



1-d SOFC Performance Model Results Overpotential Dependence on Temperature

In general, both improved kinetics and reduced ionic resistance of the
electrode result in lower overpotentials at higher temperatures.

0.4

» The overpotentials decrease with an

i Cathode increase in temperature because:

— The electrochemical reactions have
a finite activation energy, which
increases the reaction rates at the
lower temperature;

— lonic resistance in the electrode layer
decreases, which results in a
reduced voltage drop to the ‘ionic
inner potential’ in the reaction zone;

— Overpotential equals the difference
in the ‘inner potentials’ of the ionic
and electronic phases in the reaction
layer. For a given current, the ionic
inner potential decreases with an

Current Density / A cm™ increase in the ionic resistance.
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1-d SOFC Performance Model Results Overpotential Dependence on lonic Conductivity

However, model results show that the ionic resistance of the electrode has
a stronger influence on the overpotential than the intrinsic kinetics.

Effect of lonic Resistance in the Reaction Notes
Zone on the Overpotential —

0.4
,”Tee =650 °C
_+*" Rionc=800 Qcm » The results presented here separate the
’  espec effect on the overpotential of inherent
> Renc = 160 0cm kinetics and ionic resistance in the
s 93 e electrode:
c i /'l R/Tf:ic:?’o Qcm — Model results show that kinetics
§_ L A improvement alone reduces the
c 02 overpotential by 20 mV at 1 Am cm
3 o ao0ec (Rionic IS constant at 30 Q cm in going
g Rione = 30 Qom from 650 to 800 C).
% 0.1 — Whereas, improvement in the ionic
O resistance alone reduces the
overpotential by 80 mV at 1 A cm
(Rionic decreases from 160 Qcm to 30
0 Qcm at 650 °C).
0 1 2 3 4 5

Current Density / A cm™
((’_’ X * - base case parameters, R, = lonic resistivity of the electrolyte in the cathode reaction zone,
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1-d SOFC Performance Model

Results Overpotential Variation in the Reaction Zone

The significance is that incorporation of a high ion conducting compound
in the reaction layer alone can reduce the overpotential of LSM cathodes...

Penetration Depth of the Reaction

Current Density = 1 A cm

0.15 | ——800 °C
2 \“ .......... 650 °C
E \
|=
9
(@]
-
(O]
>
@)
0.05 .o
‘\‘ = . -
L ‘-.“
) - Anode
0 | -— |
0 2 4 6 8 10

Distance From the Electrolyte / um

l Details of the Simulations

» Distance = 0 corresponds to the

electrolyte/electrode interface. Note that
the overpotential typically reported in the
literature is measured at distance = 0.

The extent the reaction penetrates into
the electrode depends on the rate of
reaction: the slower the reaction the
greater the penetration (e.g., see
cathode vs. anode)

Because the reaction rates depend on
the local conditions, the penetration
depth changes with temperature, species
concentrations, length of three phase
boundary, porosity, tortuosity, etc.

... The important consequence is that such a modification will not alter the
cathode CTE, which is essential to ensure MEA integrity in the SOFC.
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1-d SOFC Performance Model Results Performance Dependence on Fuel Concentration

The 1-d model also helps probe the effect of ‘what-if’ scenarios, e.qg., going
from a feed of 95% H, to 40% H, leads to 50% lower current density at 0.7 V.

= Cffect of Fuel Concentration on Performance

Tee =800 °C

1 Anode: 750 pm thick, 10 um reaction zone
Cathode: 200 pm thick, 30 pum reaction zone
Fuel: H, + H,O, Oxidant: Air
0.8
>
q’ \
o
8 0.6¢
O
>
O i
) 0.4 Xy = 0.95
X0 = 0.05
0.2
O | | | | |
0 2 3 4 5 6

The results for x,, = 0.95
correspond to the best-fit to
Virkar’'s data.

The simulations were for
negligible utilization of the
reactants.

The results for other
concentrations were obtained by
changing only the inlet hydrogen
and water concentrations.

The reason for the drastic
decrease in current density is
due to the decrease in the open
circuit voltage at the lower
hydrogen concentration (higher
water concentration).
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2-d SOFC Performance Model Cell Structure & Assumptions

The 2-d performance model contains sufficient detail to simulate cell

performance under conditions of high fuel utilization.

Cathode Reaction Layer
10 pm

Porous Cathode

200 pm
A

Cell Structure and Assumptions in the 1-d Performance Model

Dense Electrolyte, 10 pm
Anode Reaction Layer

Flow channel
Overall plug
flow simulated
by several small

reactors, each
of which is
considered well-
mixed

Air

Porous Anode

750 pm
g e L T T T X
T T T L T T T T LT LT LT L
B Pt ot Toat Tt Tt Toul Toul ool ool ool Mt ]
a et e e T
} e T Tt
) T T T L T T T T LT LT LT L
Pt ot Toat Tt Tt Toul Toul ool ool ool Mt ]
T T T L T T T T LT LT LT L
Pt ot Toat Tt Tt Toul Toul ool ool ool Mt ]
T T T L T T T T LT LT LT L
%E e e T T T A
% e B
T T T L T T T T LT LT LT L
Pt ot Toat Tt Tt Toul Toul ool ool ool Mt ]
T T T L T T T T LT LT LT L
> e T Tt
a et e e T
e T e e T e e e
a et e e T
e T e e T e e e

a et e e T *

5% Sttt M
g e L T T T X
a et e e T
e T e e T e e e
a et e e T
} e T Tt
) T T T L T T T T LT LT LT L
Pt ot Toat Tt Tt Toul Toul ool ool ool Mt ]
a et e e T
e T e e T e e e

S Ty Y T Ty ey A

L L e L e T L e e e Ll e L L |

L 1-d Reaction + diffusion H. +H.O
2 2
1-d Diffusion
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2-d Performance Model Results Dependence of Voltage Losses on Fuel Utilization

The power density decreases with increasing fuel utilization; the decrease,
Is less pronounced when the internal resistance of the cell is high.

mm Effect of Fuel Utilization on Power Density —“

1 I I I 1 I 1 I 1 _ . . .
Ve = 0.7V, Tee = 800 °C e This simulation corresponds to the

Anode: 95 % H,, 5 % H,0- case where the inlet fuel flow is
Cathode: Air, stoich. =5 | held constant and the cell area is
increased in order to increase the
fuel utilization.

1.4

-2

12
No contact resistance

10

* In this simulation, the fuel
concentration decreased along the
length of the flow channel, but there
was no significant change in the
oxygen concentration.

08

0.6

- -
_____
______

Average Power Density /Wcm

04k 0 TTTTmemee-oll_ . - * The cell dimensions used were:
0.3 Q cm? contact resistance " "=~ __
- — Anode: 750 pm
02— — 1 1 1 = — Cathode: 200 pm
0 20 40 60 80 100

— Electrolyte: 10 um
Fuel Utilization / % y H
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2-d Performance Model Results Performance Dependence on Fuel Utilization

This decrease is primarily due to reduction in the hydrogen concentration
(and water accumulation), which reduces the driving force for the reaction.

e CEffect of Fuel Utilization on Voltage Losses

1.0 — T T T T T T T
~ o~ = ‘/Open circuit voltage .
: ~
.
~
09 N 7
> Cathode loss ~

Voltage / V
o
[0}

0.7
VceII =0.7V, TceII =800 °C \ Ce”
L Anode: 95 % H,, 5 % H,O i
Cathode: Air, stoich. =5 voltage
Zero Contact Resistance
06 1 I 1 I 1 I 1 I 1
0 20 40 60 80 100

Fuel Utilization / %

* The decrease in the open circuit
voltage is due to decrease in the
hydrogen concentration and increase
in the water concentration in the
anode side.

» The cathode overpotential and ir loss
in the electrolyte decrease with
increasing utilization because of
decrease in the current

» The anode overpotential appears
approximately constant because
even though the current is
decreasing (which will lower the
overpotentials), the hydrogen
concentration is also decreasing
(which will raise the overpotentials).

» The cathode overpotential dominate
the voltage loss over the entire range
of hydrogen utilization.
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SOFC Performance Models Summary m

In addition to facilitating in the construction of the structural model, the
simple performance models provide critical insight into SOFC operation.

 We have developed 1-d and 2-d, isothermal performance models for planar,
anode supported SOFCs, that account for the details of the microstructures of
the electrodes.

 The 1-d model calculates cell performance under conditions of low fuel
utilization, whereas the 2-d model calculates the performance under high fuel
utilization.

* The main results from using these models are:

— The 1-d model was able to predict the temperature dependence of the performance of
an anode-supported SOFC.

— The cathode overpotential dominated the anode overpotential for operation between
650 - 800 °C, both at low and high fuel utilizations.

— The higher cathode overpotential at the lower temperatures is a result as much of the
poor ionic conductivity of the electrode as of the reduced kinetics.

— Fuel utilization has a major impact on the power density of the cell mainly due to
accumulation of water, which lowers the thermodynamic driving force and the
hydrogen mole fraction.
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Single Channel SOFC Results Cell Configuration

We constructed the SOFC model in ABAQUS and used a simple geometry
to verify the successful implementation of the different model elements.

mm

<<

$2 mm

LSM
Cathode (200 pm)

YSz
Electrolyte (10 pum)

Ni-Cermet
Anode (750 pm)

teel Interconnect

Flow Channels Total Cell Area =2 cm?
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Single Channel SOFC Results Key Model Elements Verified n

The single channel geometry was used to verify model performance.

» Verify that the modules key to calculating the fuel cell performance worked
without error:

— Module for calculating the local current density accounting for species
concentration, temperature, and electrolyte resistance.

— Module for calculating the heat released due to electrochemical reaction
accounting for the cell voltage and current density.

— Module for calculating the diffusion of species through the porous electrodes

» Verify the conservation of mass, energy, and charge both on a local basis and
an overall basis

» Develop procedures for estimating the stress distribution in the cell
components during operation

» Verify the robustness of the numerical solution through a sensitivity analysis
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Single Channel SOFC Results Base Case Conditions

We selected typical operating conditions for the base case test simulations,
consistent with assumptions in previous TIAX studies.

Parameter Value

* Cell voltage 0.7V

« Composition of the reactant streams » Anode: 97 % H,, 3 % H,O, Cathode: air

» Gas inlet temperatures * 650 C at the Anode and Cathode

* Fuel utilization e ~65%

 Cathode stoichiometry » ~4, the cathode flow rate was adjusted such that the
temperature at the cell outlet was nominally 800 C.
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Single Channel SOFC Results Base Case Temperature Profile

An air stichiometry of four is required to ensure that at 0.7 V, the cell outlet
temperature is nominally 800 C.

Temperature (°C) distribution in a }Cathode air flow

vertical section through the fuel cell }Anode flow

Temperature °C

+8.327e+02
+8.185e+02
+8.042e+02
+7.89%e+02
+7.756e+02
+7.61l4e+02
+7.471le+02
+7.328e+02
+7.18BBe+02
+7.043e+02
+&.900a+02
+6.757e+02
+6.615e+02

Due to exothermic reaction in the cell and an adiabatic boundary condition on the cell, the
gas temperatures increase along the flow channel.
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Single Channel SOFC Results Base Case Current Density Profile

Predicted average current density is consistent with measured
performance* of anode supported SOFCs at 0.7 V and 800 C.

Current Density Profile
Average = 1.17 A cm2

Current Density A/lcm?

+1.5334a+00
[ +1.295e+00

+1.257e+00
+1.218e+00
+1.17%2+00
+1.141e+00
+1.102e+00
+1.063e+00
+1.025e+00
+9 .862e-01
+9.475e-01
+9.08%e-01
+8.702e-01

* The current initially rises along the channel because of the rising temperature but falls
subsequently because of water accumulation in the anode channel, which lowers the
thermodynamic driving force.

* The current density in the region immediately underneath the flow channel is higher than
that underneath the channel ridge.
*J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78.
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Single Channel SOFC Results Base Case Overpotentials Distribution

As expected, the cathode overpotential dominates the losses throughout
the cell for this configuration and operating conditions.

Volts
S
Anode overpotential (V) E e
in out 3 Ta, ;
[

Volts

l - ,:.i'-:ﬁ

Cathode overpotential (V) | B

B s

n out I i1-533
i1 BHI

Open Circuit Voltage (V)

-l
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Single Channel SOFC Results Base Case Reactants Mole Fraction

As expected, the thick anode does not limit H, diffusion as evidenced by
the laterally uniform H, distribution in the anode reaction zone.

Hydrogen mole fraction in the anode Oxygen mole fraction in the cathode
reaction zone reaction zone

1 i
+] & WdEm-i0]
- +1. 90901
R b
+1 . 85 3e-01

+1. T9Ea-01

11 _Tddm=01
+1 Bl Te—a1
+]1 i3 e—01

0 D B G+ 30

In contrast, the slower diffusion of O, leads to depletion in the region
immediately under the channel ridge.
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Procedure

To characterize the stress-state of SOFC components during operation,
manufacturing procedures must be taken into account.

Procedure for residual stress calculations

Step 0: Sintering Ceramics

» Assume that all the ceramic layers in the MEA are stress-free at the co-sintering temperature of 1400 C.
» The component layers in the ceramic MEA are assumed to be fused together.
» Assume interconnects are stress free at room temperature

Step 1: Cool Down to Room Temperature

 Calculate the stresses in the ceramic layers when the MEA is cooled down to room temperature (residual
stresses).

Step 2: Flatten Ceramics

*Apply appropriate confining pressure to flatten the MEA (this is needed to ensure sealing and electric
contact).
*Assemble flat MEA between interconnects

Step 3: Heat Up to Operating Temperature

*Assume no-slip condition between interconnect and ceramics
Calculate stress distribution by applying the steady temperature gradients calculated for cell operation

* Assumption of no-slip appears justified for the metallic interconnects that are non bonded to the ceramic electrodes.
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 1

In Step 1, bending stresses that arise to balance the moments created by
anode/cathode TCE mismatch cause bowing of the ceramic MEA layers.

Residual stresses in ceramic MEA at room temperature

In-plane stress in anode:
top surface: —7.0 MPa (compression)
bottom surface: +0.8 MPa (tension)

lane stress in cathode:
+3 MPa (tension)

In-plane stress in electrolyte :
-560 MPa (compression)

Note dIS lacements magnified 25 times. Total bowing of the cell layers in direction perpendicular to
plane =0.07 mm.
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 1

Mismatch in the thermal expansion coefficients can give rise to relatively

large strains, or bending moments in constrained expansion.

Unconstrained expansion when

heated from 25 to 800 C

Electrolyte

0 0.2 0.4 0.6 0.8
Increase in Linear Dimension / %

(@128

1

Constrained expansion when heated

from 25 to 800 C

Cathode

A

— Stresses due to constrained expansion
"""" » Applied compressive loads
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 1 m

The mechanical behavior in Step 1 is driven by the anode layer, which is
thickest and stiffest component of the ceramic MEA.
* Thermal strain in each layer arises according to the formula:

€n = a(T)[T-To] - a(T[T;-To]

where a is the CTE, T, is the initial temperature and T, is the reference temperature
(room temperature).

» This implies that the strain at room temperature is controlled by the value of a at 1400 C.

* Assuming that the 3 layers ‘fuse’ at 1400 C, a negative thermal strain arises in each
layer which is a function of a at 1400 C.

» Since a at 1400 C is larger for the cathode layer (data in the Appendix), it wants to shrink
more, but is constrained by the anode layer. A tensile stress therefore arises in the
cathode layer.

* A smaller compressive stress arises in the anode layer to balance the tensile forces in
the cathode layer.

* A bending stress arises in both layers to balance moments. It is more pronounced in the
thicker anode layer. This stress results in warping of the MEA layers.

» The thin electrolyte effectively ‘goes along for the ride’. Since a at 1400 C is much
smaller for the electrolyte layer, a large compressive stress arises in it.
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 2

In step 2, a confining pressure (0.4 MPa) flattens the warped MEA , but does
not significantly affect the stress in the cathode or electrolyte layers.

Stresses in ceramic MEA after
‘flattening’ between interconnects at room temperature

In-plane stress in anode:

—2.9 MPa (compression)

In-plane stress in cathode:
+38 MPa (tension)

In-plane stress in electrolyte :
-556 MPa (compression)

Total bowing of the cell layers in direction perpendicular
to plane reduced to less than 0.0006 mm

However, the bending stress in the anode layer is eliminated.
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 3

Imposition of the steady-state operating temperature profile results in
significantly reduced stresses from those at room temperature.

Stresses in ceramic MEA under steady state operation at 0.7 V
assuming slip between electrodes and interconnects

In-plane stress in anode ranges from:
—2.7 MPa (compression) to +3.5 MPa (tension)

In-plane stress in cathode ranges from:
+10 MPa to +15 MPa (tension)

In-plane stress in electrolyte ranges from :
—216 MPa to —262 MPa (compression)
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Single Channel SOFC Results Base Case Stress Distribution Calculation: Step 3, Continued 4a

Although the magnitude of the stresses is lower during steady state cell
operation, the in-plane stress profile follows the temperature gradient.

In-plane stress distribution in the

Temperature gradient in the
electrolyte at 0. 7V

electrolyte at 0.7 V

833 C —216 MPa

<Ry -

=i

—262 MPa

704 C

Essentially, the stress distribution under operating conditions is dominated
by the stress-state of the components at room temperature.
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Single Channel SOFC Results Base Case Stress Calculation: Step 3 with No Slip

With the no-slip assumption, a compressive stress of-4.6 MPa arises in the
metal, which is balanced by tensile stresses in the ceramic layers.

Stresses in ceramic MEA under steady state operation at 0.7 V
assuming no-slip between electrodes and interconnects

In-plane stress in anode ranges from:
+0.1 MPa to +17 MPa (tension)
(about +16 MPa on average wirt ‘slip’ case)

In-plane stress in cathode ranges from:
+19 MPa to +23 MPa (tension)
(about +4 MPa on average wrt ‘slip’ case)

In-plane stress in electrolyte ranges from:
—206 MPa to —273 MPa (compression)
(about +11 MPa on average wirt ‘slip’ case)
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Single Channel SOFC Results Base Case Stress Calculation: Step 3 with No Slip

The no-slip condition results in significant shear stresses (near the ends of
the cell) that can be sustained only with interfacial bonding.

—-6.2 MPa

W

Shear stress distribution in anode interconnect assuming
no-slip between the interconnects and the electrodes

+5.045e+06
+4.112=1+08
+3.178e=+06
+2.245e+00
+1.3212=2+06
+3.780e+05
-5.554a+05
=1.489=1+08
-2.422a+06
-3.356e+00
=4, 289a+06
-5.223e+06
-6.156a+006

+5.0 MPa

Shear stress in anode-side interconnect
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Single Channel SOFC Results Base Case Stress Calculation: Step 3 with Friction

Conjsiderably lower shear stresses result when a friction coefficient of 0.5
Is assumed for the MEA/interconnect interface.

-0.6 MPa

Shear stress in the anode interconnect for the assumption of a \
friction coefficient of 0.5 between interconnects and electrodes

LAle+0s
+3,.9286a2+05
+2 ., 970a+05
+2.015=2+05
+1 . 060a+05
+1.0560e+04
-8.502a+04
-1.805e+05
-2.761a+05
-3.716e+05
-4  &BT1at+05
-3.626e+05
=g . 581lat+05

+0.5 MPa

\

Shear stress in anode-side interconnect
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Single Channel SOFC Results Sensitivity Analysis  Conditions

We selected the parameters for the sensitivity analysis so as to test the
robustness of the model under extreme conditions.

Parameter Value

* Cell voltage (V) «0.6,0.7,0.8
 Fuel Utilization (%) «10, 65, 85

* Inlet air temperatures (C) * 500, 650, 800
* Inlet air stoichiometry °2,4,8

» Base case values are underlined
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Single Channel SOFC Results Sensitivity Analysis Fuel utilization and Inlet Air Temperature

Increasing the fuel utilization or decreasing the inlet air temperature
reduces the average current from the fuel cell.

15

14 +
Peak
13 -

12

Average

Current Density /A cm™

0.9 1 1 1 1 1 1 1 1 1 |
0 20 40 60 80 100

Fuel Utilization / %

» The average current drops by ~ 30 % in going from 10 % to 85 % fuel
utilization because the thermodynamic driving force decreases with
increasing water content in the anode gas. A similar effect was also
observed with the 2-d performance models discussed earlier.

» Experimental data* also shows that the current density drops by 20 %
in going from 10 % to 85 % fuel utilziation.

» The peak current does not change much because the peak current
occurs close to the anode inlet, where the local fuel utilization is not
very high.

*. Yasuda, T. Ogiwara, H. Yakabe, Y. Matsuzaki, in Solid Oxide Fuel Cells VII (SOFC-VII) (S. C.

2 _
18 Pea
16
14 -
12 Average
1 |

08

Current Density / A cm™

06

04 1 1 1 | 1 | 1 | 1 |
400 500 600 700 800 900

Inlet Air Temperature/C

* At low inlet air temperatures, the reaction kinetics are quite slow so
that the cell temperature does not rise sufficiently and hence the peak
and average currents are low.

« At high inlet air temperatures, the average cell temperature is high,
which leads to the high peak current. But, the fuel utilization is also
higher which results in the large difference between the peak and
average currents.
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Single Channel SOFC Results Sensitivity Analysis Cell Voltage and Air Flow

Low cell voltage and low air flow rate lead to low average currents.

25 r 2

=
(o¢]
T

Peak

N
T

Current Density / A cm™
H
ol
T

Current Density / A cm™
= [
I o
T T

Peak

Average

H
T
=
N
T

- Average

H
T

05 1 | 1 | 1 | 1 |
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o
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« At the high cell voltage, the electrode overpotentials are low * High flow rates of air cause the cell temperature to become more
resulting in a low currents. Also, efficient operation means that the uniform (closer to the air inlet temperature) resulting in the
heat release is low leading to more or less isothermal operation. equality of the peak and average currents. Also, the low average
This causes the peak current and average current to be almost temperature leads to low currents.
equal. « Low air flow rates leads to a higher average cell temperature,

« At the low cell voltage, the higher overpotentials cause higher which results in the large difference between the peak and
currents. Also, inefficient operation means more heat is released average currents. Also, very low air flow rates may lead to the cell
leading to large temperature gradients and hence the peak current becoming starved for oxygen, which would lead to severe
is much higher than the average current. polarization of the cathode and result in low currents.
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Single Channel SOFC Results Summary n

We verified the successful implementation and debugging of the SOFC
performance model in ABAQUS using a single-channel fuel cell geometry.

* We constructed the SOFC model in ABAQUS and used a simple geometry to
verify the successful implementation of the different model elements.

 The model successfully calculated the profiles of temperature, current density,
overpotentials, species concentrations, and stress for steady state operation
under typical operating conditions.

* We probed the robustness of the model through a sensitivity analysis. The
operating conditions were chosen so as to tax the numerical solution scheme:

— high fuel utilization (85 %);

— low cell voltage (0.6 V) ;

— low air inlet temperature (500 C);

— low flow of air (< 2 x stoichiometry).

 In all of these simulations, the model successfully converged and the resulting
profiles of temperature, current density, species concentrations, and
overpotentials were consistent with each other.

* |n all of these simulations, the error in the mass balance was less than 1 % and
error in the energy balance was less than 6 %.
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Single Channel SOFC Results Summary n

The protocols for calculating the stress distribution during operation were
also successfully implemented in ABAQUS.

* The highest levels of stress occur following cool-down from the sintering
temperature of 1400 C to room temperature.

— The thick anode controls the deformation and experiences an in-plane stress of -3
MPa (compression).

— The compressive stress in the anode is balanced by tensile stress of 38 MPa in the
thinner, more compliant cathode.

— Because of its high coefficient of thermal expansion, the thin electrolyte develops a
—556 MPa compressive stress.

» Because the operating temperature is closer to the stress-free sintering
temperature, the operating conditions actually relieve the stresses generated
during the initial cooling step to room temperature.

» Imposition of ‘no-slip’ conditions along the MEA-interconnect interface
increases the tensile stresses in the ceramic by 4 to 16 MPa and produces a
shear stress of 5 to 6 MPa at the ends of the cell.

 Itis unlikely that such high shear stresses could be sustained without
interfacial bonding; simulation of interfacial friction reduces the shear stresses
to less than 1 MPa.
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Multi Channel SOFC Results Cell Configuration

The SOFC structural model was extended to simulate a more realistic
cross-flow, multi-channel geometry for an anode supported SOFC.

2mm X2 mm
channels

Cathode
LSM, 200 pm

Fuel inlet

Electrolyte

YSZ, 10 um o
Air inlet

Anode
Ni-YSZ, 750 um
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Multi Channel SOFC Results Base Case Conditions

For the base case, we selected operating conditions consistent with
previous TIAX studies.

Parameter Value

« Cell voltage «0.7V
« Composition of the reactant * Anode: 97 % H,, 3 % H,0O, Cathode: air
streams

» Gas inlet temperatures * 650 °C at the Anode and Cathode

* Fuel utilization *~50%

» Cathode stoichiometry » ~ 5, the cathode flow rate was adjusted such
that the temperature at the cell outlet was
nominally 800 °C.

The fuel utilization was chosen to represent a realistic situation, but at the
same time not stress the solution scheme.
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Multi Channel SOFC Results Base Case Conditions

In addition, the following assumptions were made to facilitate calculations:

Adiabatic thermal boundary conditions

Stress-free state for the ceramics is at the sintering temperature of 1400 °C

The ceramic MEA layers are bonded

The ceramic layers and the MEA are defect-free at all temperatures

The interconnects are not bonded to the electrodes
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Multi Channel SOFC Results Base Case Current Density

The calculated current density for the cross-flow cell is close to that
measured in anode supported stacks*.

Current density distribution, average = 1.3 A/cm?

A/cm?2

+1.580e+00
+1.535e+00
+1.490e+00
+1.445a+00
+1.3494%e+00
+1.354a+4+00
+1.309e+00
+1.263e+00
+1.218a+00
+1.173e+00
+1.127=+00
+1.082e+00
+1.037e+00

* Typically, single cell measurements are performed in isothermal ovens and hence are not
relevant for comparison to the adiabatic simulations reported here. Ideally the comparison

should be with the measured performance of thermally self-sustaining stacks.
e *D. Ghosh, M. Perry, D. Prediger, M. Pastula, and R. Boersma, in Electrochemical Society Proceedings, Vol. 2001-

( "ﬂ 16, 2001, p. 100.
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Multi Channel SOFC Results Base Case Temperature

Only modest temperature gradients occur even with the inlet gases at 650
C because of the high thermal conductivity of the metallic interconnects.

Temperature distribution

Temperature °C
+7.883e+02
+7.842e+02
+7.801e+02
+7.760e+02
+7.719e+02
+7.678e+02
+7.637e+02
+7.595e+02
+7.554e+02
+7.513e+02
+7.472e+02
+7.431e+02
+7.390e+02

 An air stoichiometry of 5 is required to ensure that the exit
gas temperature is nominally 800 °C.

T
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Multi Channel SOFC Results Base Case Overpotentials and OCV

As expected, the cathode overpotential dominates the losses throughout
the cell for this configuration and operating conditions.

Anode overpotential Cathode overpotential

Open circuit voltage
+T ., 831=—D2
— #7 . 25854—D2
ik 8 750 - D2
— b 2 02
+5 , 528e-02
+d Fhle-02
id, . 3 Va2
— 3 BN0s-02
+3  2dlda—032
+, BgSe—-N2
- +3 07 312
e1 .40 7w-02
31 as—nd

1. 007 00
£, 075D
+1, B hde+ i
— +1 . B3+ D0
+1 G+ G0
+1. DY e+ RO
= +1. 017+ 00
— &4 DOm0
w8, 13 3m-01
= +8, 01801
- 45, 4 h9m-0Ot
+3, 38101
- 3. 4 hde—D01
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Single Channel SOFC Results Base Case Reactants Mole Fraction

As expected, the thick anode does not limit H, diffusion as evidenced by
the laterally uniform H, distribution in the anode reaction zone.

Hydrogen mole fraction in the anode Oxygen mole fraction in the cathode
reaction zone reaction zone

48, 56 Te-0]
+8 .1 55a—01 T
il 83281 801 Fat]
- 4.4 B5m—01 +1.978&—01
Hl, D58 —r] i1, 332wl
; *-:;:T'l- ::: |
+ P o 2 E, 4, H4 Te-D1
+f _996E-01] +t q:li:.Ui
+6_F25a-01 +1, J82e-T1
_ +6_ 361401 +1, 718e-01
- +5 _H9da-01 -'-'5'.'7._--[|:'
+5 . 53701 1. %3 1
i P +1 83401
+5, TRPa-91 +1 .5 iEm-1]
+ . DOC=+ED 1, G54 a1
o DO De+ 10

In contrast, the slower diffusion of O, leads to depletion in the region
immediately under the channel ridge.
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Multi Channel SOFC Results Base Case Stress Calculation: Procedure

The stress calculation followed the same procedure used for the single
channel models:

Procedure for residual stress calculations

Step 0: Sintering Ceramics

» Assume that all the ceramic layers in the MEA are stress-free at the co-sintering temperature of 1400 °C.
» The component layers in the ceramic MEA are assumed to be fused together.
» Assume interconnects are stress free at room temperature

Step 1: Cool Down to Room Temperature

 Calculate the stresses in the ceramic layers when the MEA is cooled down to room temperature (residual
stresses).

Step 2: Flatten Ceramics

*Apply appropriate confining pressure to flatten the MEA (this is needed to ensure sealing and electric
contact).
*Assemble flat MEA between interconnects

Step 3: Heat Up to Operating Temperature

*Assume no-slip condition between interconnect and ceramics
*Calculate stress distribution by applying the steady temperature gradients calculated for cell operation

In the ensuing calculations, we assume that the ceramic MEA is defect free.
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Multi Channel SOFC Results Base Case Stress Calculation: Step 1

In Step 1, bending stresses that arise to balance the moments created by
anode/cathode TCE mismatch, cause warping of the ceramic MEA layers.

Residual stresses and warping in the ceramic layers at room temperature

Cathode: +35 MPa

Note: displacements
maghnified 40 times. Total
warping of the cell layers
equals 0.03 mm.

Electrolyte: -563 MPa Anode: -11 MPa (top) to +3 MPa (bottom)
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Multi Channel SOFC Results Base Case Stress Calculation: Step 1

The residual stresses and the extent of warping are very sensitive to the
assumed values for the thermal expansion coefficients.

1.5E-05
— | —#— Electrolyte
OU Anode
= 1.4E-05 + —a—cathode
Gc) - —=— Ferritic Steel Interconnect
© 1.3E-05 -
= Pl ey ==:: = NI I B
8 = S e e e R e e T ==
O 1.2E-05 r
c L
=
@ 1.1E-05
5
o
& 1.0E-05 \q
f_éﬁ ~ Extrapolated data
= 9.0E-06 to 1400 °C for
= Y anode, cathode,
8.0E-06 a : : : : : : and electrolyte.
0 / 200 400 600 800 1000 1200
Extrapolated data to Temperature (C)

room temperature
for anode, cathode,
and electrolyte

* Data from J. P. Abellan, F. Tietz, L. Singheiser, W. J. Quadakkers, A. Gil, in Proceedings of SOFC-V, S. Singhal, U. Stimming, H.
Tagawa, W. Lehnert, Eds., Published by The Electrochemical Society (1997) 652.
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Multi Channel SOFC Results Base Case Stress Calculation: Step 2

In step 2 a confining pressure (0.4 MPa) flattens the MEA and removes the
anode bending stress but does not alter the cathode or electrolyte

stresses.

Stress in the ceramic MEA layers after ‘flattening’
between interconnects at room temperature

Cathode: +38 MPa

Displacement magnified -
by 40 times ¥ -

Electrolyte: -563 MPa
Anode: -3 MPa
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Multi Channel SOFC Results Base Case Stress Calculation: Step 2

The resulting compressive stresses may lead to high contact resistance,
along the edges, between the interconnect and electrodes.

Through thickness stress in the metallic interconnect at room temperature

oot

= pa Potential for high
:-;w:'_':_, 1t.: 7m1y  CoONtact resistance
+1.113e+03

~3 .01 Ta+d3
-1.133a+d3

o R
<353a+05
, BEEet+ldb
+H13at+05
¢ BE3 a5
BT R ]
JOZZatlE
+135a+00
cadletida

i [ ) i
= e T L

Contact pressure between the interconnect and electrodes
determines the interfacial resistance

* Arrule of thumb states that contact pressure greater than
1.4 x 10° Pa (20 psi) leads to negligible contact resistance
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Multi Channel SOFC Results Base Case Stress Calculation: Step 2

The variation in through-thickness displacement of the electrolyte also
highlights the degree to which the ceramic layers exhibit ‘out of flatness’.

Through thickness displacement of electrolyte at room temperature

Ly

Displacement / m
— ~ 8 .06 Te-05
-8 . 0Bde-05
-8 . 0P Ee-05
-B.111a—035
-B.125%a—ad%
B.140w-0%
— =8 .1 54a=-05
E.l52a-05
B -8 183e-05
- -d. 19 e-05
— =Bl de-0a
= -0
-3 .24 1a-05

.., Maximum variation in through-
thickness displacement: 1.7 microns
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Multi Channel SOFC Results Base Case Stress Calculation: Step 3

In step 3, imposing the steady-state temperature field results in
significantly lower MEA stresses compared to room temperature.

Stress in the ceramic MEA for steady state operation at 0.7 V for the
assumption of slip between the electrodes and the interconnect

Cathode: from +9 at the top
surface to +17 MPa at the
cathode/electrolyte contact

Anode: -3 to +9 MPa
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Multi Channel SOFC Results Base Case Stress Calculation: Step 3

In step 3, the modest temperature gradient during cell operation
causes arelatively minor in-plane stress gradient.

Electrolyte temperatureovaries from 786 C Electrolyte stress varies from -231 MPa (blue)
(blue) to 810 °C (red) to -219 MPa (red) for the slip assumption

i
T

HTHTHI

i

The modest temperature gradients are because of the high
conductivity of the metal interconnects.
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Multi Channel SOFC Results Base Case Stress Calculation: Step 3 with No Slip

The shear stresses that arise for the for the no-slip assumption cannot be
sustained without bonding of the interconnect to the electrodes.

Stress in the ceramic MEA for steady state operation at 0.7 V for the
assumption of slip between the electrodes and the interconnect

In-plane stress in cathode ranges from:
+7 MPa to +21 MPa (tension)
(about +6 MPa on average wrt ‘slip’ case)

HHHHHHH

In-plane stress in electrolyte ranges from:
—211 MPa to —219 MPa (compression)
(about +14 MPa on average wrt ‘slip’ case)

In-plane stress in anode ranges from:

—2 MPa to +23 MPa (tension)
(about +17 MPa on average wrt ‘slip’ case)
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Multi Channel SOFC Results Sensitivity Analysis Conditions

We selected the parameters for the sensitivity analysis that might create
strong temperature gradients and hence might create higher stresses.

Parameter Value

* Cell voltage (V) «0.6,0.7
* Inlet air stoichiometry «25,5
(base case values are underlined)
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Multi Channel SOFC Results Cell Voltage = 0.6 V  Current Density

In agreement with experimental single-cell results*, operation at 0.6 V
almost doubles the current density compared to the base case.

Current density distribution, average = 2.1 A/cm?

Current density A/lcm?
+2.900e+0D
+2.717e+00
+2 .6542+00
+2.531e+0D
+2.408e+00
+2.285e+00
+2.162e+00
+2.03%9e+00
+1.916e+00
+1.793e+00
+1.670e+0D
+1.547e+00
+1.424e+00

* J-W Kim, A. Virkar, K-Z Fung, K. Mehta, S. Singhal, J. Electrochem. Soc., 146 (1999) 69-78.

((j m ; SS.75570.PARSONS. TASK1.DRFTFINALRPT.060602.REV1 96



Multi Channel SOFC Results Cell Voltage =0.6 V  Temperature

At the lower cell voltage the average temperature is higher than in the

base case, but the temperature gradient is still quite modest.

Temperature distribution

N

+59
+5
+8

+H.
+B.
+H.
+H.
+8.

+8

+8.
+8.

+8

+8.

Temperature / °C

.114e+02
.036e+02
.958e+02
Bf8e+02
g0le+02
1d3e+02
bdae+ls
S567=+02
AdBde+ld
410e+02
332e+02
234e+02
176=+02
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Multi Channel SOFC Results Cell Voltage =0.6 V  Stress Calculation: Step 3

A larger variation in stress in the electrolyte results at 0.6 V, but the
average stress is smaller, because the average temperature is higher,

Electrolyte temperature varies from 861 °C Electrolyte stress varies from -205 MPa
(blue) to 911 °C (red) at 0.6 V (blue) to -178 MPa (red) at 0.6 V
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Multi Channel SOFC Results Low Air Flow Current Density

For low air flow, the current density is limited by the availability of oxygen
and decreases sharply along the cathode flow channel.

Current density distribution, average = 2.1 A/lcm?

Current density A/lcm?
+2 . 094e+00
+1.947e+00
+1.800e+00
+1.6532+00
+1.507e+00D
+1.360e+00
+1.213e+00
+1,0672+00
+9,199a-01
+7.733e-01
+6.268e=01
+4,799a—01
+3.332e-01
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Multi Channel SOFC Results Low Air Flow Temperature

Even under these conditions, the temperature gradients within the cell
are modest due to the thick interconnects.

Temperature distribution

Temperature / °C
+9 , 004e+02
+8.975e+02
+8.947e+02
+8.918e+02
+8.88%=+02
+8.861e+02
+8.832e4+02
+8.804e+02
+8.775e+02
+8.747e+02
+8.718e+02
+8.690a+02
+8.661la+02
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Multi Channel SOFC Results Summary-I E

We successfully verified the implementation of the model for a three-
dimensional anode supported SOFC with cross-flow of reactants.

 The modules key to calculating the fuel cell performance were verified to
worked without error:

— Module for calculating the local current density accounting for species
concentration, temperature, and electrolyte resistance.

— Module for calculating the heat released due to electrochemical reaction
accounting for the cell voltage and current density.

— Module for calculating the diffusion of species through the porous electrodes

» We Verified the robustness of the numerical solution through a sensitivity
analysis

« We verified the conservation of mass and charge to within 0.1 % and energy
balance to within 6 % on a local and overall basis.

— The large discrepancy in the energy balance is a consequence of the solution scheme
inherent to ABAQUS: the energy balance equations are written with the assumption
that the molar flow rate does not change along the channel length.

— We have identified potential solutions, which will be incorporated in the next version of
the model.
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Multi Channel SOFC Results Summary-Il E

Stress calculations so far show that, absent defects, the ceramics are
unlikely to fail due to temperature gradients during cell operation.

« For conditions we have simulated so far, the most severe stress state for the
ceramics occurs at room temperature and not during cell operation.

» Severe residual stresses were built-up in the ceramic layers of the MEA during
cool down from the stress-free sintering temperature.

— Bending stresses, which arose to balance the moments created by anode/cathode
TCE mismatch, caused warping of the ceramic MEA layers.

— The warped MEA was ‘flattened’ by the application of a small confining pressure.

» At the steady state operating temperatures (650 - 850 °C), the residual
stresses were relieved to some extent because the temperatures were closer
to the stress-free sintering temperature (1400 °C).

» Under conditions simulated in this study, the temperature gradients during
steady state operation did not generate severe stresses

— The high thermal conductivity of the thick metallic interconnect lead only to modest
temperature gradients

— Also, the temperature gradients through the thickness of the ceramic layers were
negligible
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Cell Size Effects 6.4-cm Cell Cell Configuration n

To evaluate the impact of cell size, the model was extended to a 6.4-cm
square cell with 16 channels in cross-flow.

2mm X2 mm
channels

Fuel in
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Cell Size Effects 6.4-cm Cell Conditions n

We selected typical operating conditions consistent with the previous base
cases.

Parameter Value

« Cell voltage «0.7V
« Composition of the reactant  Anode: 97 % H,, 3 % H,O, Cathode: air
streams * 650 C at the Anode and Cathode
» Gas inlet temperatures *~50 %
 Fuel utilization » ~ 6, the cathode flow rate was adjusted such that the
« Cathode stoichiometry temperature at the cell outlet was nominally 800 °C.
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Cell Size Effects 6.4-cm Cell Current Density n

The current density distribution is similar to that obtained using the 3.2-cm
cell with the baseline operating conditions.

Current density distribution, average = 1.3 A/cm?

S04
tAve, Crit.: 75%)

1.607e+00
L1.561e+00
1.514e+00
1.467Te+00
1.421e+00
1.374e+00
1.327e+00
1.281e+00
1 .234e+00
1.187Te+00
1.141e+040
1.0894e+00
1.047e+00

i

L . e i ik i e i i e 1 e
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Cell Size Effects 6.4-cm Cell Temperature n

The larger cell dimensions lead to wider temperature distribution, but
similar temperature gradients compared to the 3.2-cm cell.

Temperature distribution

Temperature / C

KT1l1
+8.185e+02
+E8.100e+02
FB.O015e+02
+7.930e+02
+7.845e+02
+7 . Te0a+02
+7.675e+02
+7 .590e+02
+7.505a+02
+7 . 420e+02
+7,.335e+02

- +7.251e+02
+7.1662+02
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Cell Size Effects 6.4-cm Cell Stress Calculation: Step 1 n

In Step 1, the bending stresses are essentially unchanged from those for the
3.2-cm cell. However, the total warping increases linearly with cell area.

Residual stresses and warping in the ceramic layers at room temperature

uuuuuuu

"""" Cathode: +36 MPa

JJJJJJJ

Note: displacements
maghnified 40 times. Total
warping of the cell layers
equals 0.12 mm.

Anode: -11 MPa (top)

to +3 MPa (bottom)
Electrolyte: -567 MPa
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Cell Size Effects 6.4-cm Cell Stress Calculation: Step 2 n

Application of a confining pressure (0.4 MPa) flattens the warped MEA and
removes the anode bending stress, but does not alter the cathode or
electrolyte stresses.

Stress in the ceramic MEA layers after ‘flattening’ between interconnects at room temperature

Cathode: +39 MPa

Electrolyte: -556 MPa
Anode: -3 MPa
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Cell Size Effects 6.4-cm Cell Stress Calculation: Step 2 n

The variation in through-thickness displacement of the electrolyte shows
essentially the same level of flatness as observed for the smaller cells.

Through thickness displacement of electrolyte at room temperature

=2, -

E ARE T 2
=8, LMl
LR LI S
—a.Trin—a
8. T -
EET OF

Maximum variation in through-thickness
displacement: 1.8 microns
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Cell Size Effects 6.4-cm Cell Stress Calculation: Step 3 n

At steady-state, the stresses for the 6.4-cm case show a wider variation
than those for the 3.2-cm case, though the average stresses are still less
severe than the residual stresses.

Stress in the ceramic MEA for steady state operation at 0.7 V for the
assumption of slip between the electrodes and the interconnect

Cathode: +9 to +22 MPa

Electrolyte: -201 to -246 MPa Anode: -6 to +20 MPa
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Cell Size Effects 6.4-cm Cell Stress Calculation: Step 3 n

The stress variation in the electrolyte is much wider than it is for the 3.2-cm
case ...

Electrolyte stress varies from -246 MPa (blue)
to -201 MPa (red) for operation at 0. 7 V

Electrolyte temperature varies from 744 °C
(blue) to 818 °C (red) for operation at 0. 7 V

! ] B 11 I
(HAHRERARLARET

ST

... however, the average stress value is unchanged, and the stress is much
less severe than that at room temperature.
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Cell Size Effects 10-cm Cell Cell Configuration n

To calculate the room temperature stresses and displacements of larger
cells we created a quarter model of a 10 x 10 cm cell.
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Cell Size Effects 10-cm Cell Stress Calculation: Step 1 n

In Step 1, the bending stresses are unchanged from those for the 3.2-cm
and 6.4-cm cells. But, the total warping increases linearly with cell size.

Residual stresses and warping in the ceramic layers at room temperature

Cathode: +35 MPa

Note: displacements
magnified 40 times. Total
warping of the cell layers
equals 0.28 mm.

Electrolyte: -566 MPa Anode: -11 MPa (top) to +3 MPa (bottom)
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Cell Size Effects 10-cm Cell Stress Calculation: Step 2 n

After applying the confining pressure, the stresses and deflections in
the MEA are identical to those observed in the 6.4-cm model.

Stress in the ceramic MEA layers after ‘flattening’ between interconnects at room temperature

Cathode: +39 MPa

Maximum variation in
through-thickness
displacement: 1.8 microns

Electrolyte: -556 MPa
Anode: -3 MPa
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Cell Size Effects Summary n

Increasing the cell size increases the total CTE-mismatch-related strains
but does not significantly affect the stress state or flatness of the MEA.

» To test the effects of cell area, the results of models representing 3.2-cm, 6.4-
cm, and 10-cm square single cells were compared.

« Without application of the confining pressure, the total warping of the ceramic
layer varies linearly with the cell area.

« Application of the 0.4 MPa confining pressure reduces the through-thickness
displacement variation in the ceramic to below 2 microns for each of the cell
sizes examined.

 The most severe stress state for the MEA is at room temperature, rather than
under operating conditions, regardless of cell size.

* The average stresses in the MEA layers at room temperature do not depend
strongly on the cell area.

* Increasing the cell area produces larger geometric incompatibilities along cell
edges, possibly leading to seal failures.
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Summary SOFC Performance Models n

In addition to facilitating in the construction of the structural model, the
simple performance models provided critical insight into SOFC operation.

 We have developed 1-d and 2-d, isothermal performance models for planar,
anode supported SOFCs, that account for the details of the microstructures of
the electrodes.

 The 1-d model calculates cell performance under conditions of low fuel
utilization, whereas the 2-d model calculates the performance under high fuel
utilization.

* The main results from using these models are:

— The 1-d model was able to predict the temperature dependence of the performance of
an anode-supported SOFC.

— The cathode overpotential dominated the anode overpotential for operation between
650 - 800 °C, both at low and high fuel utilizations.

— The higher cathode overpotential at the lower temperatures is a result as much of the
poor ionic conductivity of the electrode as of the reduced kinetics.

— Fuel utilization has a major impact on the power density of the cell mainly due to
accumulation of water, which lowers the thermodynamic driving force and the
hydrogen mole fraction.
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Summary SOFC Model Implementation in ABAQUS n

We verified the successful implementation and debugging of the SOFC
performance model in ABAQUS using a single-channel fuel cell geometry.

* We constructed the SOFC model in ABAQUS and used a simple geometry to
verify the successful implementation of the different model elements.

 The model successfully calculated the profiles of temperature, current density,
overpotentials, species concentrations, and stress for steady state operation
under typical operating conditions.

* We probed the robustness of the model through a sensitivity analysis. The
operating conditions were chosen so as to tax the numerical solution scheme:

— high fuel utilization (85 %);

— low cell voltage (0.6 V) ;

— low air inlet temperature (500 C);

— low flow of air (< 2 x stoichiometry).

 In all of these simulations, the model successfully converged and the resulting
profiles of temperature, current density, species concentrations, and
overpotentials were consistent with each other.

* |n all of these simulations, the error in the mass balance was less than 1 % and
error in the energy balance was less than 6 %.
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Summary Single Channel SOFC Model Results n

The protocols for calculating the stress distribution during operation were
also successfully implemented in ABAQUS.

* The highest levels of stress occur following cool-down from the sintering
temperature of 1400 C to room temperature.

— The thick anode controls the deformation and experiences an in-plane stress of -3
MPa (compression).

— The compressive stress in the anode is balanced by tensile stress of 38 MPa in the
thinner, more compliant cathode.

— Because of its high coefficient of thermal expansion, the thin electrolyte develops a
—556 MPa compressive stress.

» Because the operating temperature is closer to the stress-free sintering
temperature, the operating conditions actually relieve the stresses generated
during the initial cooling step to room temperature.

» Imposition of ‘no-slip’ conditions along the MEA-interconnect interface
increases the tensile stresses in the ceramic by 4 to 16 MPa and produces a
shear stress of 5 to 6 MPa at the ends of the cell.

 Itis unlikely that such high shear stresses could be sustained without
interfacial bonding; simulation of interfacial friction reduces the shear stresses
to less than 1 MPa.
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Summary Multi Channel SOFC Model Results  Stress Calculations n

Stress calculations so far show that, absent defects, the ceramics are
unlikely to fail due to temperature gradients during cell operation.

« For conditions we have simulated so far, the most severe stress state for the
ceramics occurs at room temperature and not during cell operation.

» Severe residual stresses were built-up in the ceramic layers of the MEA during
cool down from the stress-free sintering temperature.

— Bending stresses, which arose to balance the moments created by anode/cathode
TCE mismatch, caused warping of the ceramic MEA layers.

— The warped MEA was ‘flattened’ by the application of a small confining pressure.

» At the steady state operating temperatures (650 - 850 °C), the residual
stresses were relieved to some extent because the temperatures were closer
to the stress-free sintering temperature (1400 °C).

» Under conditions simulated in this study, the temperature gradients during
steady state operation did not generate severe stresses

— The high thermal conductivity of the thick metallic interconnect lead only to modest
temperature gradients

— Also, the temperature gradients through the thickness of the ceramic layers were
negligible
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Summary Multi Channel SOFC Model Results Implications for Scale-up of Cell Size n

Increasing the cell size increases the total CTE-mismatch-related strains
but does not significantly affect the stress state or flatness of the MEA.

» To test the effects of cell area, the results of models representing 3.2-cm, 6.4-
cm, and 10-cm square single cells were compared.

« Without application of the confining pressure, the total warping of the ceramic
layer varies linearly with the cell area.

« Application of the 0.4 MPa confining pressure reduces the through-thickness
displacement variation in the ceramic to below 2 microns for each of the cell
sizes examined.

 The most severe stress state for the MEA is at room temperature, rather than
under operating conditions, regardless of cell size.

* The average stresses in the MEA layers at room temperature do not depend
strongly on the cell area.

* Increasing the cell area produces larger geometric incompatibilities along cell
edges, possibly leading to seal failures.
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Summary Future Work n

We are currently exploring more realistic operating conditions (not
considered in this study) for determining cell-size limitations.

Potential causes for cell-size limitations not considered in this study:

Defects

— Ceramic MEAs are known to have defects. The defect density will clearly be
higher for larger cells making them prone to failure.

Larger temperature gradients

— Heat loss from the edges of the stack

— Internal reforming

Seal failure

— With larger cells, the total mismatch in strains is also higher, which might
increase the probability of seal failure.

Unequal application of compressive load

— With large area cells it becomes difficult to apply a uniform load on the cell
active area.

— Unequal compressive force can lead to localized high contact resistance,
which in turn might lead to local hot-spots because of resistive heating.

((] ' SS.75570.PARSONS. TASK1.DRFTFINALRPT.060602.REV1 123



Outline of Final Report

@128

Executive Summary
Background & Objectives
Approach & Scope

Model Development

Single Channel SOFC Results

Multi Channel SOFC Results

ol

Limitations for Cell Size

Summary

> Jisfleflais flefis fie e

Appendix

SS.75570.PARSONS.TASK1.DRFTFINALRPT.060602.REV1

124



Appendix Material Properties

We used the measured temperature dependent conductivities of the anode
electrolyte, and cathode.

10000 ¢
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Appendix Material Properties

We used the measured temperature dependent conductivities of the anode
electrolyte, and cathode.

1.5E-05
— | —#— Electrolyte
OU Anode
= 1.4E-05 + —a—cathode
Gc) - —=— Ferritic Steel Interconnect
© 1.3E-05 -
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c L
=
@ 1.1E-05
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o
& 1.0E-05 \q
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= 9.0E-06 to 1400 °C for
= Y anode, cathode,
8.0E-06 a : : : : : : and electrolyte.
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Extrapolated data to Temperature (C)

room temperature
for anode, cathode,
and electrolyte

* Data from J. P bellan, F. Tietz, L. Singheiser, W. J. Quadakkers, A. Gil, in Proceedings of SOFC-V, S. Singhal, U. Stimming, H.
( W L nert, Eds., Published by The Electrochemical Society (1997) 652.
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Appendix Best-Fit Parameters

Following are the parameters used to fit Virkar’'s data with the 1-d model.

uUnits Anode Cathode

exchange Current Densityona | A ¢ 4.16 x 106 2.4x 105
Activation Energy kJ/mol 33.2 33.2
Forward Transfer Coefficient? - 0.8 0.67
Tortuosity - 12.5 3
Thickness of the Reaction Zone Hm 10 10
Porosity - 0.4 0.4
el 0 05

1 The exchange current density is typically given on an area basis and multiplied by the three-phase area per unit volume, to convert
to a volume basis. Here, the value reported is after converting to the volume basis.

2 The transfer coefficient for the reverse reaction was 1-the forward transfer coefficient.
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